We present an analysis of seismic attenuation using a crosswell seismic dataset gathered at a fractured rock test site. The aim of this study is to better understand the influence of density of open fractures on attenuation of the seismic signal. We developed a new method to estimate the quality factor from a crosswell shot gather and used it to estimate the quality factor with depth. The attenuation is sensitive to the density of open fractures, presenting high attenuation in high fracture density areas. We show the effectiveness of the method used in this study for Q estimation in crosswell data and illustrate the variation in quality factors corresponding to fracture zones.
Introduction
Attenuation information can potentially be used to infer fluid saturation, permeability or fracture density. As a first step, attenuation needs to be reliably measured from seismic field data and in the second step, the observed attenuation can be related to a physical cause such as patchy fluid saturation or fracture density. Payne et al. 2007 estimate permeability from seismic attenuation in a crosshole experiment. They observe high attenuation over a depth interval where high values of fracture permeability have been determined.
The focus of this study is to estimate average attenuation between two wells as a function of depth for a crosswell experiment and to determine whether attenuation correlates with density and hydraulic permeability information.
In the first section we describe the derivation of an equation for Q estimation in crosswell data. In the next section we summarize the geological setting of the Reskajeage test site and the seismic crosshole experiment. Finally, we analyze the crosswell dataset and present the quality factor values as a function of depth.
Method
A number of computational methods for the determination of seismic quality factor Q are available using either the amplitude or frequency content as input (e.g. Stainsby and Worthington, 1985) . Reliable estimates of attenuation Q require a good understanding of source radiation pattern and a highly repeatable source. Estimates of Q based on frequency content in the first arrival seismic wavelet may provide a more stable estimate of Q.
Here we follow the method described by Zhang (2002) , who presented an analytical method which uses the frequency information to estimate the quality factor Q from individual CMP gathers. We extend and utilize this method to calculate a single Q from a crosswell shot gather based on the following observations; 1. Quality factor can be estimated from the variation in peak frequency as a function of offset of a crosswell shot gather assuming the amplitude spectrum of the wavelet to be Ricker-like.
2. The medium is assumed to be isotropic and so each shot gather has a single Q value which is independent of frequency.
Zhang (2002) shows the relationship between seismic quality factor Q and the shift in peak frequency as, Where fm is the dominant frequency or peak frequency at offset zero, fp is the peak frequency, t is the time and Q is the quality factor. We solve this equation to an equation with fp as a function of fm and Q.
The above equation will give the decay in peak frequency for a given dominant frequency and Q. In crosswell case, we take the horizontal arrival to be offset zero and then measure peak frequency as a function of vertical sourcereceiver offset. Hence the dominant frequency is chosen from the horizontal arrival and the peak frequency corresponding to each offsets are calculated for a set of possible Q values. Each Q value will give a peak frequency variation which is matched with the observed peak frequencies and the best fitting peak frequency variation gives the Q value for that shot depth.
Hence we write a generic equation as, Where f 1 is the peak frequency at an offset, f 0 is the frequency at offset =0, x is the receiver spacing and h is the distance between the two wells, V is the seismic velocity, and Q is the seismic quality factor. Fig.2 shows the application of the above equation for crosswell geometry illustrated in fig. 1 . Obviously, when Q is very low, the decrease in peak frequency is very high and when Q is very high there is no decrease in peak frequency at all. 
Reskajeage test site
We use field data from an experiment that was carried out at a borehole test site in Cornwall, UK (Herwanger et al., 2004) . The test site was originally developed for a study of fluid flow in fractured rock. The 1:50,000 British Geological Survey map of the area (Shaile, 1989) shows that Reskajeage Quarry lies within the outcrop of the Mylor Slate Formation (fig.3) . The Mylor-slate formation comprises a variable succession of medium-to-dark-grey slates with silty laminae, thinly bedded fine grained turbiditic sandstones, fine grained massive sandstones and structureless black mudstones (Jefferies et al. 2000) . fig. 7a and 7c.
The highly fractured intervals correspond to hydraulically transmissive zones. The observed transmissivities as a function of depth for the boreholes BH20 and BH19 are plotted as a bar-chart in Fig. 7b and 7d , with each bar representing the transmissivity from one injection experiment. There is a strong correlation between the fluid transmissivity information and the fracture density information in both the wells. We see high transimssivities where high density of fractures has been determined.
Reskajeage Seismic Crosshole Experiment
The seismic crosshole experiment was carried out between BH19 and BH20 using a 48-channel hydrophone string with a 0.5m receiver spacing and a sparker source with a central frequency of 2 kHz, fired at 1m depth intervals. Source depths range from 17 m to 112 m in BH19 and receivers were deployed in BH 20 in a depth interval ranging from 13 m to 119 m. The two vertical boreholes (BH19 and BH20) are 25 m apart, resulting in excellent aperture of the experiment. 
Analysis: Attenuation estimation
The crosswell dataset is sorted into shot gathers and the first arrivals are picked manually. 80 shot gathers from 33.5m to 112.5m depth are used in this analysis. The method used in this study assumes the medium for a shot gather to be isotropic and calculates a single Q value for each shot gather. We therefore limit each shot gather to 10 traces from either side of the horizontal arrival for Q estimation. This allows us to derive a crude estimate of Q as a function of depth. A typical shot gather in this study is shown in fig. 5 . The application of the method used in this study for the estimation of quality factor from a shot gather is shown in fig. 6 . Looking at the peak frequency of horizontal arrivals for all shots, it is observed that the peak frequency of horizontal arrivals increases from shot to shot as the depth increases. It is due to the water-pressure in the borehole which influences the frequency content of the source-wavelet. The frequency content of source wavelet can also be greatly affected by the source coupling. Since the method used in this analysis calculates the quality factor from the curvature of the peak frequency variation, rather than individual peak frequency values, we believe that we have overcome these effects in our quality factor estimation. We now estimate Q for each shot gathers and plot the estimate as a function of depth in fig. 7e . The first arrivals for shot gathers from 40 to 50m depth were destroyed by the destructive interference of the first arrival with a second arrival generated by a converted tube-wave (i.e. the shot setting of a pressure wave inside the source-well, converted to a p-wave at an open fracture in the borehole wall). Therefore, the attenuation estimation up to 50m depth is unreliable and do not present any significant information. The plot of estimated Q values show a high Q trend up to 70m depth and then the Q value starts decreasing. It reaches a minimum value of 17 at 81m depth and then it increases and shows a high Q trend up to 101m depth. Then the Q drops down and reaches the minimum at 104m depth and again reaches the high Q at 108m depth.
If the trend of the Q values is compared with the fracture density information in BH20 and BH19, we see that the low Q at around 80m depth correlates very well with the fracture density at BH19. Similarly the low Q at around 102 to 108m depth correlates very well with the high fracture density in BH20 at the same depth interval.
If the Q values are compared with the permeability information from BH19, we see good correlation between the low Q values at 80m and 105m depths with high fluid transmissivities at that depth.
Obviously, the Q estimation along depth delineates high attenuation at the depth intervals where high values of fracture density and fluid transmissivity have been measured.
Conclusion
We have analyzed a crosswell dataset to measure attenuation as a function of depth. Our work is based on a novel method which relates the change of the peak frequencies with offset of the first arrivals to Q values. The method appears stable, and we derive generally robust measurements. We find an apparent correlation between attenuation and independent measurements of fracture density and permeability. This fits with the theoretical expectation and highlights the important petrophysical information in attenuation measurements. 
